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I. INTRODUCTION
Contemporary 3D radiotherapy treatment planning relies upon the use of 3D electron density maps derived from
computed tomography (CT) scans of patient anatomy, to evaluate the effects of that anatomy on radiation dose
distributions. Production of these electron density maps requires that the CT numbers (Hounsfield units) that quantify
the attenuation of the x-ray beam by the patient’s anatomy must be reliably converted into electron densities, using
a stable calibration relationship. This study investigates the fidelity of electron density assignment in the presence of
metallic prostheses and implants.
The need to design treatments that avoid or account for the presence of metallic implants is a common problem in
radiotherapy clinics [1, 2]. For example, 3-5% of British men in the key age range for prostate cancer have at least
one hip prosthesis [3], more than 80% of Australian adults have amalgam dental fillings [4] that can compromise or
complicate the delivery of head and neck cancer treatments [5], and metal aneurism coils and clips can be positioned
in and around radiation targets for arterioveinous malformation treatments [6–8]. Australian orthopaedic surgeons
performed more than 85,000 joint replacement procedures in the year ending 30 June 2011, and the number of hip
and knee replacements has been increasing at a rate of approximately 4% per year for at least a decade [9]. Such
implants are known to affect CT image quality, causing artefacts and potentially affecting dose calculations [10–13].
Artefacts surrounding metal implants in CT images can be caused by the absorption or scattering of x-rays, beam
hardening effects or the presence of sharp radiodensity gradients. Errors in electron density assignment due to the
presence of such artefacts perturb the calculated dose distributions. For example, uncorrected artefacts from a bilateral
hip replacement have been shown to produce dose prediction errors of up 25% in nearby tissues [13]. Contemporary
treatment planning systems allow the user to contour regions affected by artefacts and apply density over-rides, so
that the artificial densities of the affected regions can be corrected. For independent dose verification using Monte
Carlo modelling, similar over-rides of the densities of contoured structures are achievable using sophisticated input
production tools [14–16]. The use of CT overrides to correct apparent tissue densities can minimise errors in dose
calculations for beams that are not transmitted through the metal implant [17].
Although arranging radiotherapy beams to avoid metallic implants is widely recommended [2], limitations of
anatomy, pathology and geometry mean that such avoidance is often unachievable [7, 16]. In cases where radia-
tion beams necessarily pass through implants, reliable assessments of the radiodensities of the implant materials are
needed. While the value of density over-rides for treated tissue is well established, the necessity and magnitude of
density over rides for the implants themselves requires further investigation.
∗ This study was supported by the Australian Research Council, the Wesley Research Institute, Premion and the Queensland University
of Technology (QUT), through linkage grant number LP110100401.
†kairn@physics.org
2TABLE I: Elemental compositions of coins used to construct implants used in this study, alongside their effective atomic
numbers relative to water (Zeff/Zeff,H2O) and their electron densities relative to water (ρe/ρe,H2O). The number of coins used
to construct each implant as well as the measured height and diameter of the implants are also shown.
Currency Value Composition Zeff
Zeff,H2O
ρe
ρe,H2O
Number Height Diameter
(mm) (mm)
AUD 1.00 92% Cu, 6% Al, 2% Ni 8.1 7.1 9 23.2 25.0
AUD 0.20 75% Cu, 25% Ni 8.6 7.4 22 49.6 28.4
AUD 0.10 75% Cu, 25% Ni 8.6 7.4 29 49.2 23.5
EUR 0.20 89% Cu, 5% Al, 5% Zn, 1% Sn 8.2 7.3 20 34.2 22.3
EUR 0.05 70% Fe, 18% Cr, 9% Ni, 2% Mn, 1% Si 7.7 6.5 22 36.5 22.3
EUR 0.01 70% Fe, 18% Cr, 9% Ni, 2% Mn, 1% Si 7.7 6.5 7 11.4 16.2
GBP 0.02 70% Fe, 18% Cr, 9% Ni, 2% Mn, 1% Si 7.7 6.5 7 13.5 25.8
USD 0.01 97.5% Zn, 2.5% Cu 9.0 6.0 26 37.7 19.0
RMB 0.50 100% Ni 8.4 7.7 4 6.1 22.0
RMB 0.01 100% Al 3.9 2.3 5 7.5 20.0
This study examines CT images of simple high density, high atomic number structures, in order to quantify the
effect of implant size and position on the reported CT number and thus establish the importance of correcting the
resulting electron densities assignments for these implants.
II. METHOD
This study involved CT scanning a set of model ‘implants’ immersed in water phantoms. The implants were
constructed using metal coins of various denominations. Coins were chosen as the fundamental implant units because
they have strictly uniform, published compositions and densities [18–22] and because they can be easily combined to
produce implants of varying size. The compositions, relative atomic numbers and relative electron densities of the
coins used in this study are shown in Table I. The relative atomic numbers shown in Table I are estimates based on
an evaluation made using Taylor et al’s ‘AutoZeff’ code [23], for materials irradiated with 70 and 75 keV x-rays, to
account for the effective energies of the 120 kVp x-ray beams from our two CT scanners [10].
The relative electron densities and relative effective atomic numbers of the coin materials listed in Table I cover
the range of relative electron densities and relative effective atomic numbers (for 70-75 keV photons) that can be
identified for standard implant materials, including stainless steel, Co-Cr-Mo [1] and titanium alloys [24]. Implant
materials with higher atomic numbers, such as platinum [8], are not covered by this work and should be examined
separately.
Initially, the implants described by Table I were placed, one at a time, in the orientation shown in Figure 1(a) on
top of a thin plastic support at the centre of a volume of water 31.0 cm wide and 17.5 cm deep and imaged using
two different CT scanners, to investigate the possible effect of scanning hardware on the results of this study. These
scanners were a Siemens Somatom Definition AS 64 (Siemens Healthcare, Erlangen, Germany) and a GE LightSpeed-
RT (GE Healthcare, Little Chalfont, UK). Both scanners had an extended CT number scale (16 bits, corresponding
to a maximum value of 64511), a 2 mm slice thickness and a 50 cm field of view. The Siemens scanner has been
commissioned for use at a 120 kVp accelerating potential and was used at this energy only. The GE scanner has
been commissioned and is used clinically at both 120 and 140 kVp accelerating potentials and was therefore used to
obtain scans at both energies. Both scanning systems applied their own proprietary artefact reduction algorithms
at reconstruction [25, 26]. Variable tube currents were used for all scans, to conform with current dose optimisation
recommendations [27], given that the use of modulated tube currents has been demonstrated to have negligible effect
on CT numbers, even for high-density materials [28].
Further scans were made, using the GE LightSpeed RT scanner, of implants of various sizes modelled using a
range of thicknesses of AUD0.20 coins: stacks of coins 49.6, 29.3, 15.6, 11.3, 6.9, 4.6 and 2.2 mm high were used.
The implants were scanned three times: first at the centre of the 31.0 cm water phantom described above (called
the ‘large’ phantom), then offset 10 cm from the centre of the large phantom, and then at the centre of a 12.8 cm
wide, 9.5 cm deep water phantom (called the ‘small’ phantom). For these scans, the implants were positioned in the
orientation shown in Figure 1(b), in order to allow profiles through the varying implant thicknesses to be obtained in
the left-right direction, avoiding the thin plastic support beneath the implants. The offset placement of the implants
3FIG. 1: Diagram of coins (white), resting on top of thin plastic frame (dotted black line) in water phantom (grey) at (a) the
orientation used to obtain the results shown in Figure 2 and (b) the orientation used to obtain the results shown in Figures 3
and 4. (Not to scale.)
in the large phantom approximately modelled hip or femoral prostheses and the placement of the implants in the
small phantom approximately modelled knee, ankle, shoulder and cervical spinal orthopaedic implants.
The resulting reconstructed CT image slices were analysed using the user interfaces of the respective CT scanners,
to obtain mean CT number values in specific regions of interest. These mean CT numbers were compared with the
electron density calibration data (for tissue and bone equivalent media) obtained according to a standard procedure
[31], using the two CT scanners to image a Gammex 467 tissue characterisation phantom (Gammex Inc, Middleton,
USA), using the same scanning parameters as used for the implant scans. The highest three points in each set of
calibration data were linearly extrapolated up to the CT numbers observed in this study, mimicking the extrapolation
performed by contemporary treatment planning systems, to allow comparisons to be made between the known electron
densities of these high density implants and the electron density values that would be predicted using the standard
calibration data.
The images were also imported into ImageJ (National Institutes of Health, Bethseda, USA), to obtain profiles
through the centres of the implants and to measure distances across the implants. The ImageJ plugin ‘CT Window
Level’ [29] was used to set maximum and minimum pixel grey values so that the apparent sizes of the implants at
different window levels could be investigated. Window levels (centres and widths) were chosen to include the unlikely
worst-case scenario when the implant is examined or contoured using windowing that is optimised for bone (centre =
250 and width = 3000) or dense bone (centre = 1200 and width = 4500). Measurements were also made using some
more realistic window levels that were optimised for viewing metals. A centre = 4000 was identified as approximately
representative of the metal HU values for the implants used in this part of the study, based on the HU values measured
in the centre of the largest of these implants, using the GE scanner. A width = 8000 was used to produce images in
which the implants could be seen within the water phantom, and a narrower window with width = 2800 was used to
produce high-contrast images of the implants against a black background.
Results are presented here in terms of CT numbers (Hounsfield units, HU), where the HU in each 3D image voxel
(i, j, k) is usually defined as
HUijk = 1000×
µijk − µH2O
µH2O
(1)
where µH2O is the linear attenuation coefficient of water and µijk is the linear attenuation coefficient of the medium in
voxel (i, j, k). It should be noted, however, that the measured HU values shown herein are merely the reported values
from the 3D images produced by the two CT scanners. Since these images are substantially affected by artefacts, it
should not be presumed that the HU values shown here relate to the x-ray attenuation provided by the media imaged.
These ‘reported CT numbers’ are expected to have been altered relative to their correct values, due to the effects of
the implant on image acquisition and reconstruction. In order to evaluate the magnitude of this alteration, equation
1 was used, with attenuation coefficients derived from the NIST XCOM database [30], to calculate theoretical HU
values for the implant materials at the effective energies of the two CT scanners.
III. RESULTS
Figures 2(a) - (f) show mean HU values obtained from regions of interest in the scans of the large phantom
containing the implants listed in Table I. Figure 2(a) shows the relationship between these measured HU values and
the corresponding theoretically predicted values and shows that there is poor agreement, the HU values in the CT
images are strongly affected by scanning and reconstruction artefacts, for implants denser than aluminium. Figure
4FIG. 2: (a) Measured HU values plotted against theoretical predictions calculated using XCOM data (dotted line shows 1:1
correspondence). (b) Relationship between HU and relative effective atomic number. (c) - (f) Relationship between HU and
relative electron density. Scans were made using the Siemens (diamonds) and GE (triangles) CT scanners, and data were
obtained from regions of interest at the centre (open plot symbols) and the edge (filled plot symbols in (e) and (f) only) of
the image of each implant. Filled plot symbols in (d) and all plot symbols in (f) represent data obtained using 140 kVp tube
voltage; all other data were obtained at 120 kVp. Solid lines in (c) - (f) show the HU to relative electron density calibration
data for these scanners. Dotted lines in (c) - (f) extrapolate the calibration data into the high-density region occupied by the
implants. (Error bars are smaller than plot symbols.)
2(b) shows the HU values plotted against effective atomic number, relative to water, and indicates the absence of a
unique function relating HU to effective atomic number, for the different metal compositions. Figure 2(c) indicates
that the HUs of the implants are equally difficult to relate to relative electron densities, falling as far as 50% below
their predicted values. Figures 2(a), (b) and (c) all show that, while there are quantitative differences between the
HU values obtained using the two CT scanners, the same general trends occur in both sets of data. Compared to the
extrapolation of the electron density calibration data, shown as dotted lines in Figure 2(c), the HU values of all of
the model implants fall below their predicted values.
All of the data in Figures 2(a), (b) and (c) were obtained from scans using the tube voltage common to both
scanners, 120 kVp. Figures 2(d), (e) and (f) show results for the GE scanner only and include results obtained with
a 140 kVp tube voltage. Figure 2(d) specifically compares the results obtained at the two accelerating potentials and
indicates that HU values obtained at the higher voltage are generally around 6 % higher than the HU values obtained
at the lower voltage.
While Figures 2(a) - (d) compare HU values obtained from regions of interest in the centres of the implants, Figures
2(e) and (f) show comparisons with data obtained at the edges of the implants. Figures 2(e) and (f) both indicate
that the mean HUs in regions of interest located at the edges of the implants are greater than the mean HUs in regions
in the centres of the implants and are closer to the values predicted by the extrapolated calibration data. This result
can be understood through examination of Figures 3(a), (b) and (c).
Figures 3 (a), (b) and (c) show profiles across the differently sized AUD0.20 implants, from the three different
scanning geometries. Figure 3(a) shows the results obtained when the implants were positioned at the centre of the
large phantom, and indicates that reported CT numbers vary across the implant, with the centre generally appearing
less dense than the edges (as suggested by Figure 2(e) and (f)). Figure 3(b) and (c) show that variations in HUs
across the implants consistently appear when the implants are moved to the side of the large phantom or placed in
the small phantom. In all three figures, the HU values at the edges of each implant are closer to the extrapolation of
the 120 kVp calibration data (dashed horizontal line) than are the HU values that are reported throughout the rest
of each implant.
The profiles in Figures 3(a), (b) and (c) also show that the HU values reported across the implants generally increase
5FIG. 3: CT number profiles across implants positioned at (a) the centre of the large phantom, (b) the edge of the large phantom
and (c) the centre of the small phantom. The darkness of the profiles increases with decreasing implant size, from light grey
(for the 49.6 mm implant) to black (for the 2.2 mm implant). Dotted light grey lines exemplify the results of scanning at 140
kVp; all other profiles were obtained from scans at 120 kVp. Illustrations beside each figure show transverse slices through the
largest implant at its three scanning positions, with white lines indicating the positions of the profiles through the images.
as the implant size decreases, suggesting that some of the variation in HU between implants shown in Figures 2(a) -
(f) may be due to implant geometry rather than composition.
Figure 3(b) shows a subtle asymmetry in the HUs reported across the largest implants, with HUs increasing towards
the edge of the phantom. The trend towards increased reported HUs in implants close to the edge of the phantom is
also apparent in Figure 3(c), which shows that when the implants were scanned in the small phantom, the resulting
HU values were consistently greater than at corresponding points in the implants scanned in the large phantom.
The results of scanning at 140 kVp (exemplified in Figures 3(a), (b) and (c) for the 49.6 mm implant only)
were qualitatively similar to the results of scanning at 120 kVp, although the HU values within the implants were
consistently greater than the values obtained from the lower-energy scans. The apparent sizes of the implants in
the 140 kVp scans were also noticeably smaller than in the 120 kVp scans, although none of the images exhibited a
geometrically-accurate change in HU values at the implant-water interface.
This lack of an abrupt change in reported HU at the implant-water interface makes visual identification of the
external edge of the implant difficult. This problem is quantified in Figures 4(a) and (b), where the variation of
measured implant size with the selected image visualisation window level is illustrated. In all cases, the size of the
implant is over-estimated, with over-estimates being greatest when the window level is not optimised for the display
of high-density media. Comparison of Figures 4(a) and (b) also shows that the over-estimation of implant size is
greater when the lower tube voltage is used to image the implant. Figures 4(a) and (b) both also show that, in most
cases, the over-estimation of implant size is greater in scans that used the small phantom than in scans that used the
large phantom. In the worst-case scenario, where the 120 kVp x-ray beam is used and windowing level is optimised
for displaying bone, the thicknesses of the implants are over-estimated by an average of 7.3 mm when scanned in the
large phantom and 9.0 mm when scanned in the small phantom. When the 120 kVp x-ray beam is used and the
6FIG. 4: Apparent heights of each implant measured at different windowing levels (indicated in legend using the format “centre
/ width”), plotted alongside the physical height of each implant for scans obtained using tube voltages of (a) 120 kVp and (b)
140 kVp.
windowing level is selected for optimal display of metal objects, the thickness of the implants are over-estimated by
an average of 2.5 mm when scanned in the large phantom and 2.8 mm when scanned in the small phantom. Use of
the 140 kVp beam reduces these over-estimates to 1.3 mm in the large phantom and 1.6 mm in the small phantom.
IV. DISCUSSION
The CT image artefacts that metallic implants produce in surrounding tissues are usually contoured and over-ridden
during radiotherapy treatment planning. The results of this study suggest that it is also important to over-ride and
correct the apparent densities or HU values of the implants themselves.
The HU values of the implants shown in Figures 2(c) - (f) generally fall below the extrapolated calibration lines.
Examination of these data indicates that the use of extrapolated calibration curves and reported CT numbers would
produce electron densities that were under-estimated by as much as 50%, for these implants. Given that a 2.8%
inaccuracy in tissue electron density can lead to a 3% uncertainty in calculated radiotherapy dose from an 18 MV
photon beam [32] and an unrealistic 40% change in tissue density can lead to a 44% change in 6 MV photon beam
attenuation [33], large inaccuracies in implant density can be expected to have substantial effects on calculated
downstream dose.
The CT number profiles across the implants (Figures 3 (a), (b) and (c)) show slight oscillations through the centre
of each implant, which may reflect genuine density variations due to the presence of small volumes of water or air in
the gaps created by the imprinted surfaces of the coins. These oscillations are small (the HU values do not drop to
the correct value of 0 for water or -1000 for air, between the coins) due to volume averaging with the high-density
metals. This volume averaging could be responsible for, at worst, a 7 or 8% reduction in the apparent electron density
of the overall implant material, if the gaps between the coins were respectively filled with water or air. This volume
averaging effect is too small to explain the reduced electron densities within the implant observed in Figures 2(c) -
7(f) and Figures 3(a), (b) and (c).
The profiles through the implants exhibit cupping artefacts, decreased HU values at the centres of the implants
relative to their edges, as well as a variation with intervening tissue thickness that confirms previous observations
[28]. These effects result from beam hardening, where the photoelectric absorption of low energy x-rays, as the beam
passes through the phantom, results in an increase in the mean x-ray energy and a consequent decrease in the linear
attenuation coefficient and apparent HU value of the medium. CT scanners correct for the loss of low energy particles
in water (or tissue), but the enhanced photoelectric absorption seen in high atomic number materials is not easily
corrected [10]. Like the inflation of the apparent size of the implant, these effects are more pronounced when the
implants are scanned in the small phantom, where less water is present to pre-harden the x-ray beam, and when the
implants are scanned at the side of the large phantom, where an asymmetry is produced by the x-ray beam entering
from one direction being more pre-hardened than the x-ray beam entering from the other direction. The effect of the
change in x-ray absorption is thus dependent on the size of the high density volume, its location within the patient
and the total radiological thickness of the scanned anatomy.
The slow decline in HU values outside the edges of the implants that is apparent in the profiles in Figures 3(a),
(b) and (c) suggests that the sizes of the implants appear inflated, when examining their greyscale images. This is
confirmed by Figures 4(a) and (b) which quantify the apparent size of the implants when scanned at 120 and 140 kVp.
Most implant heights shown in Figure 4(a) and (b) exceed the corresponding physical heights by more than twice the
CT voxel size. This effect is evidently not caused by volume averaging at the edges of the implant. Data in Figures
4(a) and (b) indicate that the inflation of apparent implant size is a more substantial problem when the implants
are scanned in the small phantom or at the lower x-ray energy. Figures 4(a) and (b) demonstrate the importance of
careful selection of window levels, when contouring metal implants or when attempting to over-ride the densities of
surrounding artefacts.
These combination of all of the implant effects evaluated herein makes the production or use of a comprehensive
extended calibration curve impractical. It may be possible, however, to systematically evaluate the effects of im-
plant density, composition, size, position and depth, for a given CT scanner, in order to provide a look-up table of
recommended implant over-rides, for use in planning radiotherapy treatments for cases where the exact composition
and density of the implants are unknown. The derivation of such a table could become a standard part of the CT
commissioning process.
A simple interim solution is suggested by the profiles shown in Figure 3(a), (b) and (c); the HU values of the
entire implant could be over-ridden using the HU values at the edge of the implant. For the implants studied here,
this method would reduce the maximum error in electron density identification from 50% to less than 20%. Clearly
a substantial inaccuracy would remain. It should also be understood that the size of the implant may be over-
estimated by several millimetres (as demonstrated by Figures 4(a) and (b)). These uncertainties, in addition to the
known fallibility of conventional treatment planning systems when used to calculated dose in the presence of high
density gradients [16, 24, 34], should be taken into account when planning radiotherapy treatments. This is especially
important for treatments that require beams to be transmitted through metallic implants.
V. CONCLUSIONS
When designing radiotherapy treatments for patients with metallic implants, it is a common and recommended
practise to over-ride any CT artefacts that obscure treated tissues with the known densities or HU values of those
tissues. This study demonstrates that the HU values of the implants themselves vary with implant position, size and
depth of intervening tissue, as well as electron density and effective atomic number. HU values within the implants
are also subject to cupping artefacts that can unrealistically reduce their apparent densities by as much as 50%. The
results of this study therefore establish the necessity of over-riding the densities or HU values within the metallic
implants themselves, in order to provide improved predictions of their dosimetric effects, especially in cases where
beam angles cannot be arranged to avoid them.
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